The effects of intracerebroventricular administration of procaine 2 µmol on ischaemic release of neurotransmitter amino acids in the gerbil hippocampal CA1 region were investigated using a microdialysis-high-performance liquid chromatography procedure. Histological outcome was examined by comparing delayed neuronal death between animals treated with procaine before ischaemia and animals treated after ischaemia. Transient forebrain ischaemia for 3 min produced increases in dialysate amino acid concentrations. Aspartate, glutamate and glycine reached 331%, 394% and 233% of pre-ischaemic values. Basal concentrations were restored immediately by reperfusion. Pre-ischaemic administration of procaine suppressed peak release and improved histological outcome. However, post-ischaemic administration did not protect against ischaemic neuronal death. Improvement in ischaemic neuronal damage by pre-ischaemic administration of procaine may be related to suppression of excitatory amino acid release.
In cerebral ischaemia, energy failure induces membrane depolarization and release of various neurotransmitters, such as glutamate and aspartate, 1 which cause a marked influx of Ca 2ϩ into postsynaptic neurons. A series of these events provokes the catastrophic enzymatic process leading to irreversible neuronal damage. 2 In this study, we have examined the effect of procaine, a Na ϩ channel blocker, on ischaemia-induced increases in extracellular concentrations of excitatory amino acids, and correlated these changes with histological outcome.
Methods and results
This study was approved by the Committee on Animal Experimentation at Ehime University School of Medicine, Ehime, Japan. Male Mongolian gerbils, weighing 60-80 g, were subjected to transient forebrain ischaemia, as described previously. 3 For the microdialysis studies, 10 gerbils were allocated to one of two groups: saline (nϭ5) or procaine (nϭ5). Each animal was anaesthetized with 2% halothane and both common carotid arteries were exposed. After the animal was placed in a stereotaxic apparatus in the prone position, the skull was exposed and three burr holes were drilled for insertion of a temperature probe and microdialysis probe, © British Journal of Anaesthesia and for drug administration. The microdialysis probe (1 mm long, A-I-8-01, Eicom, Kyoto, Japan) was stereotaxically inserted into the right hippocampus using co-ordinates of 2 mm posterior and 2 mm lateral to the bregma, and 2.5 mm below the brain surface in a flat cranial presentation, and Ringer's solution was perfused at 2 µl min -1 . After a stabilization period of 1 h, brain perfusates were collected every 3 min into microtubes. Saline 10 µl or procaine 2 µmol (dissolved in saline 10 µl) was administered intracerebroventricularly (i.c.v.) via a 27-gauge needle. Transient forebrain ischaemia for 3 min was induced 10 min after administration. Brain and rectal temperatures were maintained carefully at 37.5Ϯ0.2°C during the study with a heating lamp. At the end of the study, the location of the probe was verified. Amino acid concentrations were measured using a cation exchange high-performance liquid chromatography system coupled with post-column fluorescent derivatization. 4 For the histological experiments, 33 gerbils were allocated to one of four groups: non-ischaemic intact group; ischaemic group treated with saline 10 µl i.c.v. before ischaemia; ischaemic group treated with procaine 2 µmol i.c.v., 10 min before ischaemia; and ischaemic group treated with procaine immediately after the start of reperfusion. After anaesthesia, forebrain ischaemia for 3 min was induced using the procedure described above. Brain and rectal temperatures were maintained at 37.5Ϯ0.2°C under halothane anaesthesia for 30 min after reperfusion. Seven days after ischaemia, the numbers of preserved pyramidal cells per 1 mm length of the stratum pyramidale in the hippocampal CA1 region were counted at the same level of the coronal section (1.5 mm posterior to the bregma) in a single-blinded manner. Mean values of both sides were obtained for each animal.
Rectal temperature was monitored from the pre-ischaemic period until 2 h after reperfusion in nine of the ischaemic rats used in the histological study: saline-injected animals, procaine-injected animals before ischaemia, and procaineinjected animals after ischaemia (nϭ3 for each). According to the procedure in the histological study, forebrain ischaemia for 3 min was induced at normothermia. After reperfusion, brain and rectal temperatures were maintained at normothermia under halothane anaesthesia for 30 min. The thermocouple needle probe in the brain was subsequently removed and all surgical incisions were sutured. Rectal temperature was monitored for 90 min after cessation of anaesthesia.
Data obtained from the microdialysis and temperature studies were evaluated using repeated-measures analysis of variance, followed by Scheffé's test to compare each value with the corresponding value in the control group. Data from the histology study were evaluated by analysis of variance followed by Scheffé's test.
There were no significant differences in amino acid concentrations before ischaemia between the saline and procaine groups (Fig. 1) . In the saline group, transient forebrain ischaemia produced increases in all amino acids after the start of ischaemia, and values for aspartate, glutamate and glycine in dialysate reached 2.19, 3.10 and 1.76 µmol litre -1 , respectively. Concentrations were restored immediately by reperfusion. In the gerbils treated with procaine, peak concentrations of aspartate and glutamate in dialysate were smaller than those in the saline group (1.18 and 1.52 µmol litre -1 , respectively).
Animals in the saline group regained the righting reflex and recovered fully from anaesthesia within 30 min after halothane anaesthesia was stopped. Similar to the salineinjected animals, animals treated with procaine recovered from anaesthesia within 30 min. In the temperature study, rectal temperature began to increase, probably because of movement of the animals after cessation of anaesthesia. However, there were no differences in changes in rectal temperature between the three groups ( Table 1) .
The number of pyramidal neurones in intact animals was mean 238 (SD 9) mm -1 (nϭ6). Transient forebrain ischaemia markedly reduced the number of preserved neurones in the saline group (17 (10) mm -1 ) (nϭ9). Pre-ischaemic administration of procaine 2 µmol completely prevented the damage, where the number of preserved neurones was 229 (12) mm -1 (nϭ9) (PϽ0.01 vs ischaemic group treated with saline). However, post-ischaemic administration of procaine did not protect against ischaemic neuronal death (23 (8) mm -1 ) (nϭ9).
Comment
Transient forebrain ischaemia for 3 min produced a marked increase in extracellular concentrations of excitatory amino acids in the hippocampal CA1 region and damaged neurones. This is in good agreement with the vulnerability of the CA1 region to ischaemia where neurones are innervated by glutamatergic fibres. Because pre-ischaemic administration of procaine suppressed the increase, the mechanism underlying protection by procaine may be inhibition of ischaemia-induced release of excitatory amino acids. The effect of post-ischaemic administration of procaine on release of amino acids was not evaluated in this study.
However, as concentrations of amino acids increased by ischaemia decreased to basal levels immediately after the start of reperfusion, it is unlikely that post-ischaemic administration of procaine exerts an influence on the ischaemic increase in the extracellular concentrations of amino acids. This may also explain the absence of protection after post-ischaemic administration of procaine. Furthermore, as changes in temperature after reperfusion did not differ between groups, it is unlikely that changes in temperature after ischaemia affected histological outcome.
We have demonstrated that procaine decreased excitatory amino acid release and improved histological outcome in the hippocampus. It is possible, albeit not demonstrated here, that these phenomena are causally related.
